Abstract: Point Pelee National Park (PPNP), located in Leamington, ON, is heavily contaminated with the pesticide dichlorodiphenyltrichloroethane (DDT) that was liberally used for mosquito and pest control in the park from the 1940s until the 1960s. This study was designed to update and enhance information that will advise PPNP personnel on remediation strategies. Building on previous research, a comprehensive soil and sediment sampling, and analytical program was carried out over several years and was completed in 2014. In total, 140 soil, nine sediment, and four water samples were analyzed by gas chromatography/electron capture detection. Dichlorodiphenyltrichloroethane contamination boundaries were defined, and they were determined that this contaminant occurs predominantly in three "hot spot" areas with total DDT levels exceeding 130 000 ng g −1 , which is 19 000% higher than federal guidelines. This information was mapped into an interactive Google Earth platform. Dichlorodiphenyltrichloroethane isomer analysis compared groupings of samples and determined that soil hot spot areas have half-lives ranging from 27 to 40 yr. It was determined that the highest concentrations of DDT (not including DDT's derivatives) could remain above federal guidelines for a further 220-342 yr. Overall this study improved delineation of DDT hot spots and narrowed the half-life ranges of DDT and its metabolites in PPNP.
Introduction
Dichlorodiphenyltrichloroethane (DDT) was first made available to the Canadian public in 1945 (Environment Canada 2012a) . Over the course of the next 20 yr, it was used to control agricultural and forest pests via aerial and land-based spraying [Canadian Council for Ministers of the Environment (CCME) 1999]. By the 1970s, the negative effects of DDT on wildlife were beginning to be recognized (e.g., Blus 1996; Baird and Cann 2008) , and over the course of 20 yr, Canada gradually reduced DDT use, registered any remaining stores, and disposed of all known remaining stockpiles by December 1990 (Environment Canada 2012a). Today, DDT and its metabolites dichlorodiphenyldichloroethylene (DDE) and dichlorodiphenyldichloroethane (DDD) meet Environment Canada's definition of being persistent contaminants based on their half-lives in the environment and their potential for global migration (Environment Canada 2012b).
Dichlorodiphenyltrichloroethane follows two major degradation pathways, generally breaking down into DDE in aerobic environments and into DDD in anaerobic or aquatic environments (Gautam and Suresh 2006) . Other factors that affect degradation pathways include the pH of the water involved in the process (Larson and Weber 1994) , exposure to sunlight, DDT availability for degradation, temperature, and the presences of sulfate, organic content, and metals (US Department of Health and Human Services 2002) .
Point Pelee National Park (PPNP), in Leamington, Ontario, is the smallest of Canada's national parks and has been identified as a wetland of international significance (Dobbie et al. 2007; Lynch-Stewart 2008) . From 1948 to 1967, DDT was used extensively in the park's agricultural areas for pest control, and on the roadways, campgrounds, and picnic areas to control mosquitoes (Russell and Haffner 1997) . By 1970, DDT use was no longer permitted at PPNP due to its detrimental impacts on the environment, humans, and wild life (Crowe et al. 2004) . Beginning in the mid-1990s, nearly 35 yr after the last recorded application of DDT, PPNP became a site where DDT was studied when amphibians, several types of frogs, and turtle eggs were found to have unexpectedly high DDT pesticide burdens (Russell et al. 1995 (Russell et al. , 1999 Russell and Haffner 1997) . A later study was focused on soil and determined that DDT levels greater than 14 000% (Crowe and Smith 2007) above the Canadian DDT guidelines (Table 1 ; CCME 1999) were present in the park.
Most of the DDT marsh and soil studies conducted between 1995 and 2007 focused on areas of suspected DDT contamination (i.e., areas 2-7, Fig. 1A ) (Russell et al. 1995 (Russell et al. , 1999 Russell and Haffner 1997; Crowe 1999; Badley 2003; Crowe et al. 2003 Crowe et al. , 2004 Mironov 2004; Smits et al. 2005; Crowe and Smith 2007; Denyes et al. 2012) . These groups collectively identified the hot spots that are the focus of this paper. Significant changes in DDT concentrations at PPNP are not expected given that Crowe (1999) found very little of the DDT originally applied to Point Pelee had metabolized since application. He suggested that in the PPNP environment, DDT's halflife could range from 10 to over 40 yr. In 2007, all available sample data were analyzed, and the highest levels of total DDT in soil were shown to be in the former agricultural areas (Crowe and Smith 2007) . The purpose of the current study was twofold: (1) to update the half-life predictions of natural DDT degradation and (2) to fill in missing data gaps to determine current spatial and concentration distributions of total DDT in the park including boundaries between areas of high and low DDT contaminations. This information is essential for formulating a remediation strategy for dealing with DDT at the park.
Materials and Methods

Sampling
Sampling locations were based on Crowe and Smith (2007) and historical land use of PPNP that is reflected in the names of various areas within the park (Fig. 1A) . The majority of nonmarsh land on the west side of the park was used first for agriculture and then for camping and recreation.
Field samples were collected in June 2012 and April 2013. In total, 115 surface soil, nine sediment, and four water samples were collected and analyzed. Surface soil samples consisted of 50-150 g of soil collected with a clean trowel at 0-10 cm depth. The characteristics of PPNP soils and sediments are well described in Crowe and Smith (2007) . Water and sediment samples were collected from the edge of the pond and cattail marsh in 0.6-1.2 m of water (Fig. 3) . Water samples were collected using 1 L sterile glass and plastic bottles by carefully submerging the bottles and allowing the pond water to fill. All sample locations were mapped using a handheld Magellan eXplorist 310 Global Positioning System (GPS), which is accurate within 3-5 m, and every 10th sample was a field duplicate.
Chemical analysis
All samples were refrigerated until analysis was conducted at the Analytical Services Unit (ASU) at Queen's University. A subsample of each soil and sediment sample was used to determine the wet/dry ratio. Next, 10 g of soil or sediment was accurately weighed into the Soxhlet thimbles before adding the surrogate decachlorobiphenyl (DCBP), Ottawa sand, and sodium sulfate. Each run included one sample duplicate, one blank, and one control spike, and the solvent was dichloromethane. Blanks were prepared with Ottawa sand. Control spikes are identical to blanks but were spiked with a separately sourced (Sigma-Aldrich) pesticide solution. Following Soxhlet extraction, the extract was concentrated by rotoevaporation and applied to a LC-Florisil solid phase extraction tube (Supelco™) and eluted with hexane. The extract was then analyzed using a gas chromatograph (GC) with an electron capture detector (ECD). Water samples were spiked with the surrogate DCBP and extracted into dichloromethane using liquid extraction and then treated as described above.
All soil, sediment, and water samples were analyzed using an Agilent 6890 or 7890 GC equipped with a 63 Ni ECD, a SPB™-1 fused silica capillary column (30 m, 0.25 mm ID × 0.25 μm film thickness). Helium was used Note: Soil guidelines represent total DDT and are differentiated by land use. Sediment guidelines include both interim sediment quality guidelines (ISQG) and probable effect levels (PEL) (CCME 1999).
as the carrier gas with a flow rate of 2 mL min −1 , and nitrogen was used as a makeup gas in the ECD. All values reported used ppm (μg g −1
) on a dry weight basis for soils and sediments and μg L −1 for waters, and all concentrations were corrected for surrogate recovery. Quality assurance and quality control were ensured by assessing blank, spike, and duplicate data.
To compare isomer composition regardless of sample concentration, it was necessary to transform each sample isomer from concentration to a percentage of total DDT by dividing each isomer's concentration by total DDT's concentration of that sample.
Statistical analysis and calculation
To minimize Type I error and establish statistical difference between data sets, analysis of variance (ANOVA) single factor test was used because it can simultaneously test two or more data sets of different sizes (Shaw and Mitchell-Olds 1993) . The ANOVA test null hypothesis assumes that there is no significant statistical difference between data sets. If this is proven untrue, the null hypothesis must be rejected and a statistical significance has been shown to exist. The isomeric compositions in the north, middle, and south sections of PPNP were compared with ANOVA. The null hypothesis was that there was no difference between the sections.
To calculate the half-life of DDT, the following standard first-order decay equation was used:
where C 0 is the initial concentration, C t is the concentration remaining after time t, and the half-life is related to k by k = 0.693/t 1/2 (Crowe and Smith 2007) . The percentage of DDT, DDE, or DDD found within the original, commercial DDT used was 77.1% p,p′-DDT, 14.9% o,p′-DDT, 4.0% p,p′-DDE, 0.1% o,p′-DDE, 0.3% p,p′-DDD, 0.1% o,p′-DDD, and 3.5% unidentifiable components (CCME 1999). To solve the equation for the minimum and maximum half-lives, it was assumed that all commercial DDT was applied in 1948 or 1967, the earliest and latest dates of DDT application at PPNP, that all preexisting samples were collected in either 1997 or 2007, the earliest (Russell and Haffner 1997) and most recent (Crowe and Smith 2007) sample studies outside of this project, and finally that all samples from this study were collected in April 2013. Thus, the calculated minimum and maximum time (t) were, respectively, 30 and 59 yr for preexisting samples, and 46 and 65 yr for current samples.
Mapping
To target areas during the sampling process, collected data were presented geographically to enable DDT comparison based on location and concentration. It became apparent that a new way of accessing and presenting the data was required to facilitate an iterative and targeted sampling strategy. A secondary objective was the creation of an accessible tool for the use of PPNP staff, and future researchers working on other projects in the Park that was intuitive, accessible, and inexpensive, could represent each sample individually, could easily be amended or added to in the future, and provided an immediate "big picture" understanding of the Park's DDT contamination. After experimenting with several platforms, a Google Earth backbone was selected, as it clearly and intuitively presented information about both DDT locations and concentrations (Fig. 2) . All new and previously existing samples (Clow 2014) were programmed into an overlay to create an interactive data presentation format. Additionally, analyzed sample concentrations were input into ArcGIS™, a platform for designing and managing geographic knowledge, for interpolation using an inverse distance weighted (IDW) technique (Esri 2011) .
Results and Discussion
Water and sediment samples Given DDT's low water solubility (Baird and Cann 2008) , it was unlikely that DDT would be found in the water samples. As expected, all water samples were determined to be less than the method detection limit (<0.01 μg L −1 ) and the Canadian water guideline of 1.5 μg L −1 DDT (Fig. 3 ). Dichlorodiphenyltrichloroethane In the previous studies, seven PPNP well sites were tested, and the groundwater was found to have no significant levels of DDT (Crowe 1999) ; groundwater samples were collected from areas with the highest known DDT, with the maximum DDT concentration in the groundwater found to be 5.48 × 10 −5 ppm (Crowe et al. 2003) . These water results support the findings of this study. The sediment samples had an average 37.1 ng g −1 of total DDT and ranged from 1.5 to 84.3 ng g −1 (Fig. 3) .
Sediment guidelines differ for each component of total DDT (DDT, DDE, and DDD) (Fig. 3) . The highest exceedances within the sample set for DDT, DDE, and DDD, respectively, are 1330%, 1510%, and 1730% above the interim sediment quality guidelines. These results are consistent with Crowe and Smith (2007) who reported sediment concentrations between 3.3 and 616 ng g −1 .
Dichlorodiphenyltrichloroethane was expected in the sediments given the results of Russell et al. (1995 Russell et al. ( , 1999 and Russell and Haffner (1997) who analyzed DDT concentrations in various types of amphibians (a variety of frog species and turtle eggs), some of which were found to have significant DDT burdens (1360-50 000 ng g −1 ).
Additional study is required to create a spatial pesticide distribution, assess environmental impact, conduct a risk assessment, and if required, propose remediation strategies for the sediments. . Sediment and water samples collected for this project. All water sample locations were colocated with sediment sample locations and are identified as W001, W002, W003, and W004. The location of each sediment sample in the embedded table is specified beside the appropriate indicator dot. In the sediment sample table, the light green indicates that sample's dichlorodiphenyltrichloroethane (DDT) concentration was less than the interim sediment quality guidelines (ISQG) guideline, and dark green indicates that it was less than the probable effect level (PEL) guideline (map source: NASA, NGA, USGS). Given DDT's low solubility (Agency for Toxic Substances and Disease Registry 2012) and K ow value, it strongly sorbs to soil and sediment particles at PPNP (Russell and Haffner 1997) . The most likely method of DDT contaminant transport in the marsh and pond area is movement with sediments as they are eroded or moved in a suspended aqueous phase (Vinten et al. 1983 ). In the 65 yr since the earliest possible use of DDT at PPNP, any DDT applied to the open water likely sorbed to sediment particles and may have been dispersed throughout the largely inaccessible pond and marsh system, or buried under organic matter. This would explain why DDT is not detectable in the waters but is ubiquitous in the sediments.
Surface soil samples
Of the 115 soil samples collected and analyzed, 50 were below the 700 ng g −1 DDT Canadian guideline with an average of 149 ng g −1 DDT, and the remaining 65 samples exceeded the Canadian Guideline with an average of 23 000 ng g −1 (Fig. 2) .
By combining the new sample results with previously existing data points in Google Earth, three distinct areas of high soil DDT concentration were identified with red, orange, and yellow pins representing samples with concentrations greater than 700 ng g −1 (Fig. 2A) . Over 90% of these samples were located within areas previously used for agriculture and residences as of 1931 (Fig. 2B ). All samples greater than 700 ng g −1 DDT except one (which is within 5 m and could be attributed to GPS error) are contained in the areas identified for agriculture and cottage residences as of 1959 (Fig. 2C) . This illustrates that there has likely been little DDT mobility between the time of commercial DDT application and sample collection, a period of 30-65 yr. The assumption that DDT has not mobilized in PPNP is also supported by the low DDT concentration 5 ng L −1 in ground water in the park (Crowe et al. 2003 ).
In the far northern area, there was minimal land use as of 1959. All land use in the far southern area was nonagricultural and consisted of beaches, parking lots, and access routes. As there are only low levels of DDT contamination in the far southern area, the fields and orchard were likely abandoned prior to 1948 when DDT was first used in the park, or shortly thereafter. Previous sampling in the far northern and southern areas revealed an average DDT concentration of 19.5 ng g −1 (Crowe and Smith 2007) . As this is below the CCME guidelines, there is no evidence that these areas require remediation or further study.
Interpolation and DDT hot spots
The results of the soil samples as shown in Fig. 2 clearly add further information on the areas of contamination and confirm previous studies (Crowe 1999; Smits et al. 2005; Crowe and Smith 2007) that showed the highest levels of DDT were in the former agricultural areas. Hence, interpolation was carried out to further delineate the concentration and extent of DDT contamination. Figure 4 illustrates how the sample locations and concentrations were used as the raw data for the interpolation of the entire park, before "cutting" away to focus on the areas of interest. Although there is insufficient sample density to accurately interpolate the entire park, much of the park can be disregarded due to boundary samples and samples beyond the boundaries with consistently low concentrations. A data set containing all project soil samples greater than 700 ng g −1 was analyzed to assess compositional differences between the hot spots that are labelled the north, middle, and south sections (Fig. 4) . Each hot spot has a different area as shown in Fig. 4C . The north section of DDT contamination at PPNP covers just over 79 000 m 2 and is heavily contaminated (Fig. 5A) . The ArcGIS interpolation of this areas shows two DDT hot spots (>30 000 ng g
) with a combined area of 1135 m 2 . These hot spots approximately correspond to the former apple orchard and Camp Henry and are connected by land contaminated above 700 ng g −1 . There is a well-established boundary line of samples between the hot spots' eastern edge and the marsh. The middle section, which covers over 340 000 m 2 of DDT contamination in PPNP (Fig. 5B) above the Canadian guidelines, contains two localized hot spots. This 340 000 m 2 of combined area has well-defined boundaries along the eastern edge and lower western edge. The more southerly hot spot appears to correspond to Sleepy Hollow.
The south section of DDT contamination in PPNP (Fig. 5C ) with a total area of 232 000 m 2 above Canadian guidelines contains the highest concentrations of DDT contamination. The three most contaminated samples average 171 000 ng g −1 that is three orders of magnitude greater than the CCME guideline limit. Although not apparent in this diagram, there is a well-defined southern boundary around the larger hot spot in the bottom right that appears to center on Anders Field. The hot spot in the top left is located on the maintenance compound at the Delaurier homestead. Crowe (1999) believed that high concentrations in the maintenance compound could be largely attributed to past spillage or disposal of DDT. While spillage may have been a contributing factor, the size of the area impacted suggests that DDT was also actively applied to this area. The interpolation created using input of only preexisting samples was compared with the interpolation created using all samples (preexisting and those collected for this study). Using this technique, it was apparent that concentration range boundaries were much more clearly defined, and the area associated with five of eight concentration ranges decreased. Hence, the current study has improved boundaries around hot spots and should ultimately reduce remediation costs.
Dichlorodiphenyltrichloroethane degradation and DDT half-lives
Crowe and Smith (2007) investigated how total DDT degraded within PPNP. They expected that the anaerobic, flooded marsh ( Fig. 1) would show greater levels of DDD, and that the aerobic, sandy soils would show greater levels of DDE. They were surprised to find results that did not support that theory, and postulated that periodic flooding and draining of the soils adjacent to the marsh may have caused alternating aerobic and anaerobic conditions. Crowe and Smith (2007) expected that the total DDT in the former agricultural area would remain above CCME guidelines for decades to come.
By transforming each sample from concentration (ng g −1 ) to a percentage of total DDT as suggested by Wenrui et al. (2009) , it was possible to compare total DDT composition across a broad data set. Histograms (not shown) indicated that the data sets were normally distributed and comparable with the previous data sets representing samples from similar areas (Crowe and Smith 2007) . Our examination of DDT, DDE, and DDD isomers in a much larger sample size indicated that there is a statistically similar isomeric composition in the north, middle, and south sections of PPNP implying that DDT in these sections are degrading in a similar manner (Fig. 6) .
Dichlorodiphenyltrichloroethane in soils and sediments (expressed as percent totals) were also compared and, as expected, indicated that there are statistically significant differences between the percent of DDT, DDE, and DDD isomers in soil compared with sediment samples (Fig. 7) . Only current samples were considered so changes related to natural attenuation would not impact the analysis. When comparing current soil and sediment samples against original commercial DDT compositions, it is clear that degradation is taking place both in the soil and in the sediment (Fig. 7) .
The half-lives calculated for DDT based on previously existing samples range from 24 to 27 yr (Fig. 8) . The half-lives calculated using current samples give a range of 27-39 yr for soil and 18-26 yr for sediments. The updated soil half-lives are consistent with the findings of Crowe and Smith (2007) while providing a narrower range of possible half-lives. Crowe and Smith (2007) found that DDT half-lives in PPNP were highly dependent on environmental conditions and reported a range of 10-50 yr for the PPNP soils. In standardized conditions, reported half-life of DDT is very similar to that of DDD and DDE; specifically in soil, the half-life ranges from 2 to 15.6 yr, in surface water 7 d to 1 yr, and in groundwater 16 d to 31.3 yr (Howard et al. 1991) .
Given the range of half-lives calculated based on the 2012-2013 samples, it will take 220-342 yr for PPNP's DDT in soil to naturally attenuate below the CCME guidelines. The half-lives for DDE and DDD were also calculated, and for each case, the half-lives were negative indicating that there is a net increase due to DDT's degradation. Based on the amount of time, it will take DDT to naturally attenuate, and that DDE and DDD, both independently harmful to the environment, will continue to increase, PPNP was advised that the areas of high contamination should be actively remediated.
Conclusion
This study addressed a long standing issue of DDT contamination at PPNP. The consolidation of research, interactive Google Earth overlay, and degradation rates provide practical value to PPNP and will assist with the staff's goal of moving forward with remediation.
The visual and intuitive representation of a Google Earth platform allows for an efficient approach to Commercial DDT (1948 DDT ( -1969 soil (2012) (2013) sediment (2012) (2013) %2,4-DDT %4,4-DDT %2,4-DDE %4,4-DDE %2,4-DDD %4,4-DDD Total DDT Isomers for Commercial DDT, Soil,and Sediment environmental sampling at PPNP that includes targeting specific geographic coordinates known to be contaminated with DDT. This allows the user to very clearly see gaps in sampling locations and areas with high or low samples.
The pond and marsh area compositional breakdown indicated that DDD is the dominant end product with a half-life of 18-26 yr. Visual inspection of all the mapped soil sample locations showed three major areas of concern. These hot spots contained samples with concentrations over 130 000 ng g −1 , or 19 000% greater than the 700 ng g −1 CCME DDT soil guidelines. Interpolating those major hot spots with ArcGIS enabled the calculation of soil areas and volumes requiring remediation totalling just less than 700 000 m 2 , a net decrease of affected area of 15%. Isomer analysis further supported the new DDT half-life calculations of 27-38 yr in soil, equating to 220-342 yr for PPNP's higher areas of DDT to naturally attenuate. Given the length of time required for natural attenuation to occur (and not including the time required for DDE and DDD to naturally attenuate), PPNP is continuing to investigate more immediate remediation options. Fig. 8 . Exponential decay of possible half-lives of dichlorodiphenyltrichloroethane (DDT) based on six cases. Each case is based on a set of samples and an assumed time (t) as per the legend. Purple: calculated using previously existing soil samples with the assumption that t = 59 yr. Black: calculated using previously existing soil samples with the assumption that t = 30 yr. Blue: calculated using soil samples collected in 2012-2013 with the assumption that t = 65 yr. Green: calculated using soil samples collected in 2012-2013 with the assumption that t = 46 yr. Dotted yellow: calculated using sediment samples collected in 2012-2013 with the assumption t = 65 yr. Red: calculated using sediment samples collected in 2012-2013 with the assumption t = 46 yr.
